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LARGE-SCALE MOLECULAR DYNAMICSSIMULATIONS OF
SHOCK-INDUCED PLASTICITY, PHASE TRANSFORMATIONS,
AND DETONATION

Timothy C. Germann*

AppliedPhysicsDivision (X-7), Los AlamosNational Laboratory, Los Alamos,NM 87545

Abstract. Moderncomputergnableroutine multimillion-atommoleculardynamicssimula-
tions of shockpropagationn solidsusingrealisticinteratomicpotentials,andoffer a direct
insightinto the atomisticprocessesanderlyingplasticity, phaseransformationsandthe det-
onationof enegetic materials. Past, present,and prospectdor future simulationswill be
discussedn the context of prototypicalsystemdor eachof thesethreeclasseof problems.
Initial samplegangingfrom perfectsinglecrystalsto thosewith specificisolateddefectsto
full-fledgedpolycrystallinematerialswill be considered.

INTRODUCTION

Atomistic simulationmethods particularly non-
equilibriummoleculadynamicgMD), offer agreat
andlargely untappedotentialfor the investigation
of shockwave processem solids[1]. Only recently
hasit beenconclusvely demonstratedhat large-
scaleMD simulationscan give steadyplastic (or
split elastic-plastic)waves with a rich nanostruc-
ture [2] that may be directly comparedwith ultra-
fast X-ray diffraction measurement§3]. Shock-
inducedphasdransformationgeithersolid-solidor
solid-melt), multiple shocks(including rampwave
loading), unloading processesuch as rarefaction
shocks,spallation,and ejecta, and shock-induced
chemistryarejustafew of thephenomené#or which
MD simulationsover the comingdecadeshouldbe
ableto provide a greatdealof insight.

This paperwill briefly review someof therecent
achievementsusing classicalmoleculardynamics,
andthosewhich mayreasonablye expectedn the
nearfuture. The useof quantummoleculardynam-
ics techniques,including density-functionaland
tight-binding methods to study shock-compressed
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materialq4], is anothempromisingfield, but will not
be consideredurther.

PROTOTYPICAL SYSTEMS

Three prototypical systemswill be discussed
here, representatie of three classesof shock-
inducedbehavior in solids,namely(1) plasticity, (2)
polymorphicphasedransformationsand(3) detona-
tion of enegeticmaterials.

The majority of moleculardynamicssimulations
for solidshave focusedon close-packdmetalsyep-
resenteceitherby pair potentialssuchasLennard-
Joness-12, or embeddedtommethod(EAM) po-
tentials[5], which add an embeddingerm depen-
denton the local electrondensityto a pair poten-
tial. Holian and coworkers[6] first demonstrated
thatsteadyshockwavesin three-dimensionaolids
couldbe modeledusingMD, with atransitionfrom
a purely elasticresponsdo plastic flow whenthe
Hugoniot pressurejump is roughly equal to the
shearmodulus. Theseearly (ca. 1980) simula-
tions,with upto 10* atoms exhibitedslippage(i.e.,
stackingfaults) along one, or at mosttwo, {111}
planesfor shockstraveling in the (100) direction.
With the greatadvancesin computerpower and
in parallelmoleculardynamicsalgorithms[7], Ho-
lian andLomdahl[2] demonstratethat3-D simula-



tionswith 107 atomsarefeasibleon moderate-sized
(12-CPU) multiprocessorcomputers. Thesestud-
iesconfirmedtheresultsof earliersimulationge.g.,
regardingthelinearu, vs.u, Hugoniot,thethresh-
old for plasticity, ...), with patternsof intersecting
stackingfaultsbeinggeneratean all four available
{111} planes. Shortly thereafter Zhakhorskir et
al. [8] showvedthat smoothfine-grainedshockpro-
files could alsobe obtainedusing a time-averaging
techniguewith muchsmallersampleghanthe spa-
tial averagingover large cross-sectionakamples.
Furthersimulationshave investigatedhe crystallo-
graphicorientationdependencéen boththe elastic-
plastic[9] andmelting[10] regimes.

Recently simulationshave beencarriedout us-
ing various EAM potentialsfor iron, to investi-
gatethea — € phasetransformatiorundershock
loading[11]. It is ratherremarkablehow fastthe
timescaléfor this diffusionlessprocesss; for over-
drivenshocksin perfectsinglecrystals,the bcc —
hcp transformationis basically completewithin a
few lattice planes,although subsequengrain an-
nealingis obsered over longertimescales. Since
the publishedpotentialswereall fit to zero-pressure
data (or at best, an approximateRose “universal
equationof state”for the bcec phase),it is not sur
prisingthatdetailsof theexperimentaHugoniotare
not quantitatvely reproducedespeciallyabove the
transformationthreshold. But the fact that quali-
tative aspectsuchasthe bce-hcporientationrela-
tionships transformatiorkinetics,etc.,for different
shockdirectionsappeardo be independenbf the
actualpotentialleadsusto believe thattheserepre-
sentthe trueresponsef shock-compressegerfect
single-crystairon.

The third and final classof behavior concerns
shock-induceathemicalreactions specificallydet-
onation.Reactveempiricalbondorder(REBO)po-
tentialsdevelopedby Brenner White, and cowork-
ers[12, 13] in the early 1990sexhibit mary of the
propertieof condenseghasexplosives,including
acritical flyer platevelocityfor initiation [13], deto-
nationvelocity independenbf initiation conditions
[13], delayed(homogeneoushitiation for low ve-
locity impact[14], anda critical width for detona-
tion of 2-D ribbons[15]. All of thesestudies(as
well asthe presentwork) arefor the original 2AB
— A, + B, modelexothermicreaction,but shock

simulationsusing REBO potentialsfor ozone[16]
andhydrocarbon$17] have alsobeencarriedout.
In the remainderof this paper we will discuss
past,presentandfutureMD simulationgfor eachof
thesethreesystemswith threetypesof initial sam-
ples: perfectsinglecrystals singlecrystalswith iso-
lateddefectsandpolycrystallinematerials.

PERFECT SINGLE CRYSTALS

Single-crystalsimulationsare beginning to pro-
vide quantitatve predictionsaboutbehavior which
can be measuredat the macroscale. Holian and
Lomdahl[2] demonstratedhat with samplecross-
sectionsaslargeas100 x 100 unit cells,quantitatve
measurementsf thestackingfault densitycouldbe
madeand shown to closely follow the total volu-
metricstrainu, /u, acrosstheshockfront. Further
more,analysif thesmoothstresgrofilesobtained
by either time- or (in this case)space-geraging
shows that the strainrate dependencen the pres-
surerise P is ¢ ~ P2, in remarkablygoodagree-
mentwith experimentameasurement®r metals.

Strachanand coworkers [18] have studied the
spallationof perfectcrystalsof bcc Ta andfcc Ni
using EAM potentials. Although the samplesizes
were relatively small (10 to 20 thousandatoms),
they wereableto extractvoid volumedistributions
at differenttimeswhich exhibit a power-law behav-
ior N(V) o V7 over several ordersof magni-
tude. The critical exponentr ~ 2.2, which corre-
spondsto thatfor 3-D percolation. Similar studies
using larger sampleswith preeisting defectssuch
asvoids, inclusions,or grain boundariesvould be
of greatinterestsincespall failure at lesserstrain
rates(closerto mostexperimentsouldberealized.

With improved potentialmodels,phasetransfor
mationsimulationsmayreachasimilarlevel of pre-
dictive capacityas well. However, MD simula-
tionsof detonatiorwill likely bemorevaluablein a
strictly modelcapacity sincetypical reactionzones
(um to mm) of actualexplosivesare well beyond
thecapabilityof MD simulationgor atleastanother
decade SimulationsusingREBO modelssubjected
to flyer plate[13, 14] or supportecpiston[12, 16]
impacthave beencarriedoutin 2D and3D; herewe
focuson our 2D supportedistonresults.Themea-
suredHugoniotis shawvn in Fig. 1. At very slow
piston velocities (belov about300 m/s), a steady
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FIGURE1: MeasuredHugoniot(shockvelocity vs. par
ticle velocity) for the2-D AB crystal.

elasticwave is maintained but soonthereafterone
finds split elastic-plasticstructure(Fig. 2) followed
by a fluid region dueto the extremelylow melting
pointof the AB model. For pistonvelocitiesgreater
than ~1.6 km/s, a steady-stateletonationis initi-
ated. Velocitiesjust above this thresholdclearly in-
dicatethatinitiation takesplaceby homogeneneous
nucleationfar behindan intial compressie wave,
which is subsequentlpvertalen by the detonation
wave. The detonationvelocity is nearly constant,
~9.5 km/s, until for u,, > 4.5 km/s an overdriven
detonationvave exists.

STUDIES OF ISOLATED DEFECTS

Our simulationsindicatethat point defectssuch
asvacanciesreinsufficiently strongstressconcen-
tratorsto initiate plastic deformation[2] or phase
transformationsbelov the perfect single-crystal
threshold. Similarly, replacingan AB moleculein
the molecularsolid by an A- radicalleadsto a few
localizedreactionsfor u,, < 1.6 km/s,but doesnot
seemto lower the detonationthresholdappreciably
(afew percentat most).

However, moreextendeddefectsor grainbound-
ariesmay readily act as heterogeneousucleation
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a 2D AB molecularcrystal
with v, = 0.49 km/s (i.e., belov the detonatiorthresh-
old), with moleculescoloredby their orientation.Theun-

shockedherringbondatticeis atthetop, andatthebottom

is the shockedstatecorrespondingo a (highly defectie)

90 rotationof theoriginallattice. An intermediateslastic
precursorconsistsof diagonallines of single molecules
which have rotatedby varyingamountsput returnto the

original configurationuponrelease.
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FIGURE 3: Heterogeneousucleatiorof detonatiorata
10 nmradiuscircularvoid, 6 psafteranonreactie shock
wave reacheshe left side of the void. At latertimes,a
steadyplanardetonatiorwaveis obtained Atomsarecol-
oredaccordingo their bondswith bluefor productsand
blackfor multiply bondedatoms.
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FIGURE 4: Polycrystalline2-D Lennard-Jonesample
(2 million atoms)before (top) and after (bottom) shock
compressiorfrom the left side. Atoms are coloredac-
cordingthethelocal orientationof the hexagonallattice.

sites, as demonstratedy using a warped piston
to initiate plasticflow in fcc Lennard-Jonesiurf2]
well below the perfect-crystatthreshold. Simula-
tionsof bcciron with a missinghalf-planeof atoms
(which canrelaxinto aparallelpair of edgedisloca-
tion lines) alsoshow that phasetransformatiomu-
cleationmaybeinducedbelow theusualthreshold.
Oneimportantquestionwhich canbe addressed

usingsuchsimulationss whatrole varioustypesof
defects(voids, inclusions,dislocations,...) play
in “hot spot” initiation of detonation.For instance,
we have foundthat large voidsin a 2D AB crystal
can substantiallylower the perfect-crystaldetona-
tion thresholdfrom 1.6 km/sto aroundl.1km/sfor
10nmradiuscircularvoids. An exampleof this pro-
cesss showvnin Fig. 3 for u, = 1.38km/s.Onecan
clearlyseeinitiation in this caseoccuringdueto the
impactof a convergingjet of atomsejectedrom the
opposidesidesof the voids,andnot by collision of
thetwo wavespropagatingroundthevoid.

POLYCRYSTALLINE MATERIALS

We have recentlybegun carrying out somepre-



FIGURE 5: Polycrystallineiron sampleat 2.2 ps, 4.5
ps, and 9.5 ps afterimpactwith a pistonat the left (not
shavn). The samplecontains32 grainsanda total of 24
million atoms;the sizebeforeshockcompressionvas58
nm x 58 nm x 87 nm. Atoms are color-codedby the
numberof neighbors: within 2.75A: the unshockedcc
sample(n = 8) is grey, uniaxially compressetbcc (n =
10) is blue,thetransformecatlose-packedegion(n = 12)
is red, and othervalues(colors) primarily correspondo
grainandtwin boundaries.

liminary simulationsof nanocrystallinematerials.
The difficulties herearetwofold: (1) sampleprepa-
rationthatgeneratesa realisticdistribution of grain
sizes,orientations(texturing), andrelative orienta-
tions (grain boundaryenegies); and (2) samples
sufficiently largethatmary grainsareaveragecdver
in thetrans\ersedirections,andthat a steady-state
shockwaveis achievedin thelongitudinaldirection.

A two-dimensionakxampleis shown in Fig. 4.
The sampleis generatedvith a Voronoi construc-
tion: we randomlyselect80 grain centerpositions
andorientationsandfill eachgrainwith a triangu-
lar lattice of thegivenorientationuntil themidpoint
betweentwo grain centersis reached. This initial
stateis thenannealedor O(10°) timestepgcorre-
spondingto a few ps)to at leastpartially relax the
grain boundariesbefore being subjectedto shock
loading.In this casethe pistonvelocityis below the
perfect-crystalHugoniot elastic limit (at leastfor
the varioustriangularlattice orientationswhich we
have studied),but animationsclearly show disloca-
tionspropagatindgrom thegrainboundarieshrough
eachcrystallite. As seenin the bottom panel of
Fig. 4, this processgreatly distortsthe previously
linear grainboundariesandleavesbehinda signif-
icantdislocationdensityin several of the grainsas
well. The shockwave is considerablybroadened
dueto the distribution of shockvelocitiesin each
grainandthe scatteringoff of grain boundariesso
evenfor this 2 million-atom system,a steady-state
shockprofile is notyet attained.

Suchsimulationsmay alsobe carriedoutin 3-D,
but simulationsizesof >> 107 atomsare necessary
to have a reasonablenumberof grains and suffi-
ciently small surface-to-wlumeratio of eachgrain.
Onepreliminaryexamplefor ironis shavnin Fig. 5,
wherea32-graininitial configurationvasgenerated
in a mannersimilar to that for the previous exam-
ple, andthendrivenatu, = 725m/stowardsa mo-
mentummirror [2] at the left. For this particular
EAM potential, this piston velocity is about 15%
belown the perfect-crystaltransformationthreshold
for shocksn the(001) direction[11]. Again,wesee
nucleationof thebcc— hcptransformatioratgrain
boundarieswhichthenslowly proceedénwardsfor
eachgrain. As before,a steadyshockprofile is not
yet attained,but in this casethe numberof grains
in eachtrans\ersecross-sectiotis too smallto ever



expectsteady-statbehavior.

CONCLUSIONS

The prospectsarevery goodfor usingMD sim-
ulationson perfector nearlyperfectcrystalsto sys-
tematically study shock phenomena,particularly
the effects of variousheterogeneitiesn a quanti-
tative capacityfor metalplasticity andphasetrans-
formation processesOn the otherhand,enegetic
material and polycrystal studies are more likely
to remainin a qualitatve, model-tuilding capac-
ity for the forseeablefuture. Even 10° atomsare
not enoughto represena micron-scalecubeof ma-
terial, so direct MD simulationsof realistic poly-
crystallinesampleswith grainsizeson the orderof
10pm areimpractical,and unnecessarylnsteada
more beneficialapproachwould involve usingMD
simulationsto calibratethe governinginteractions
for models(suchasthe discreteelementmethod)
usedin mesomechanicatudiesof shockcompres-
sion[19], thusproviding alink betweerinteratomic
potentialson the sub-nanometescaleand meso-
scopicbehavior onthe sub-millimeterscale.

ACKNOWLEDGEMENTS

Fruitful discussionswith Mark Elert, Jerry Er-
penbeck Jim Hammerbey, Ed Kober, JohnMint-
mire, AlejandroStrachanCarterWhite,andSegey
Zybin aregratefullyacknavledged.This work was
carriedout underthe auspice®f the U.S. Dept. of
Enegy at Los Alamos National Laboratoryunder
ContractW-7405-ENG-36.

REFERENCES

[1] Holian,B.L., GermannT.C.,Lomdahl,P.S.,Ham-
merbeg, J.E.,andRavelo, R., in Sho& Compes-
sion of CondensedMatte—1999 edited by M.D.
Furnishet al., AIP ConferenceProceedings05,
New York, 2000,pp. 35-41.

[2] Holian, B.L., and Lomdahl, PS., Science?280,
2085-208§1998).

[3] Loveridge-Smith,A., et al., Phys. Rev. Lett. 86,
2349-23522001).

[4] For instance, see Kress, J.D., Bickham, S.R.,
Collins, L.A., Holian, B.L., and GoedeckerS.,
Phys.Rev. Lett. 83, 3896—-38991999).

[5] Daw, M.S., Foiles,S.M., andBaskesM.I., Mater
Sci.Rep.9, 251-310(1993).

[6] Holian,B.L., Phys.Rer. A 37, 2562—256§1988).

[7] TheSPaSM(“ScalableParallelShort-rangéMolec-
ular dynamics”) code is describedin: Lomdabhl,
PSS, Tamayo, P, Grgnbech-JenseN., and Bea-
zley, D.M., in Proceedingsof Supecomputing
93, edited by G.S. Ansell, IEEE Computer So-
ciety Press,Los Alamitos, CA, 1993, pp. 520—
527; Beazlg, D.M., and Lomdahl, P.S., Comput-
ers in Physics11(3), 230-238(1997); seealso
http://bifrost.lanl.gov/ M) ND. html .

[8] zZhakosskil, V.V., Zybin, S.V, Nishihara,K., and
Anisimov, S.I., Phys. Res. Lett. 83, 1175-1178
(1999).

[9] Germann,T.C., Holian, B.L., Lomdahl, PS., and
Ravelo, R., Phys.Rev. Lett. 84, 5351-53542000).

[10] zhakorskil, V.V., Zybin, S.V,, Nishihara,K., and
Anisimov, S.I., Prog. Theor Phys.Supp.138, 223—
228(2000).

[11] Kadau,K., Germann]T.C.,Lomdahl,P.S.,andHo-
lian, B.L., theseproceedings.

[12] RobertsonD.H., Brenner D.W., andWhite, C.T,,
Phys.Rev. Lett. 67, 3132—-31351991).

[13] Brenner D.W., RobertsonD.H., Elert, M.L., and
White, C.T., Phys.Rev. Lett.70, 2174-21771993);
76, 2202(E)(1996).

[14] RobertsonD.H., Brenner D.W., andWhite, C.T,,
Mat. Res.Soc.SympProc. 296, 183-186(1993).

[15] White, C.T., RobertsonD.H., SwansonD.R., and
Elert, M.L., in Sho& Compessionof Condensed
Matter~1999 editedby M.D. Furnishet al., AIP
ConferenceProceeding$05, New York, 2000, pp.
377-380.

[16] Barrett, J.J.C.,Robertson,D.H., Elert, M.L., and
White, C.T., in Sho& Compessionof Condensed
Matter-1997 editedby S.C. Schmidtet al., AIP
ConferenceProceedingg29, New York, 1998, pp.
329-331.

[17] Stuart, S.J., Tutein, A.B., and Harrison, J.A., J.
Chem.Phys.112, 6472—64862000); Elert, M.L.,
Swanson,D.R., and White, C.T., in Sho& Com-
pression of CondensedMatter-1999 edited by
M.D. Furnishet al., AIP ConferenceProceedings
505,New York, 2000,pp.283—-286.

[18] StrachanA., Cagin, T., andGoddard W.A., Phys.
Rev. B 63, 060103(R)2001).

[19] ForinstanceseeBalokhonw, R.R.,Makaros, PV,
Romanea, V.A., andSmolin,1.Y., Comput.Mater
Sci. 16, 355-361(1999); Yano, K., andHorie, Y.,
Phys.Rev. B 59, 13672-1368@1999).



	LARGE-SCALE MOLECULAR DYNAMICS SIMULATIONS OF SHOCK-INDUCED PLASTICITY, PHASE TRANSFORMATIONS, AND DETONATION
	Abstract
	INTRODUCTION
	PROTOTYPICAL SYSTEMS
	PERFECT SINGLE CRYSTALS
	STUDIES OF ISOLATED DEFECTS
	POLYCRYSTALLINE MATERIALS
	CONCLUSIONS 
	ACKNOWLEDGEMENTS
	REFERENCES



